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Abstract 
Positron Emission Particle Tracking is a unique Lagrangian flow visualization technique, which allows measuring 
experimentally the flow patterns by recording the movements of a radioactive particle. We used PEPT to characterize 
the mixing performance of a high viscosity Newtonian fluid in a Kenics static mixer (KM), in order to develop 
methods for quantifying flow and mixing in laminar system. A single radioactive tracer is pass through the mixer 
several times in order to record several trajectories. By using the data from PEPT, particle trajectories of the various 
passes have been plotted and superimposed, to obtain an understanding of flow behavior and residence time 
distribution. We were being able to observe the local RTD along the mixer, and the effect of different entrance 
position of the tracer on the residence time distribution. The particle tends to move at constant axial velocity through 
the elements but can undergo a significant step change in velocity in the transition between elements. For the first 
time the degree of segregation inside the KM has been experimentally quantified using PEPT data. The introduction 
of a new method to study the segregation along the mixer has opened the way to comparison of these finding to 
previous numerical works that have been done on KM, to see whether using PEPT gives us more information about 
the mixing performance in comparison with other experimental techniques 
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1. Introduction 
Static mixers are used extensively in industry for mixing multiphase systems, and for performing 
reactions. All the static mixers have in common a straight pipe, with a number of elements built inside. 
Consequently, the energy for mixing has been derived from the pressure loss, which is caused by passing 
the flow through the elements. Kenics static mixer (KM) is one of the most commonly used in food 
industry. The geometry of the system imposes special periodicity, each element is a repetition of the 
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previous one, twisting in the opposite direction with 180 degree rotation between, forcing the fluid 
elements to reorient in the transitional regions [1] (Figure 1). 
Fig. 1. Kenics static mixer (Avalosse et al. 2004) 
In most of the works that have been done on KM, numerical techniques had been used in order to 
obtain velocity profiles, residence time distribution and mixing performance.   
For example, Hobbs et al. (1997) studied striation by mixing of equal portion of two similar fluids by 
injecting 20000 tracers. By recording the movement of the tracer after each element, they found out the 
effect of variation of the injection point on the mixed structure of the fluid as well as velocity profile, 
residence time distribution, and stretching and re-orienting of fluid elements along the mixer [2]. Similar 
works have been done after Hobbs et al. 1997, which studied the effect of different parameters such as 
Reynold number and different impeller geometries in Kenics static mixer on the mixing performance by 
using the same methodology [3-5]. The recent Experimental measurements on KM report pressure drop, 
residence time distribution and mixing characteristics such as flow reorientation [6-8]. 
In this work, Positron Emission Particle Tracking (PEPT), will be used to investigate phenomena 
occurring in a KM. PEPT will allow to non-invasively obtain particle paths and velocity profiles for each 
KM element for non transparent fluids. Different analysis have been done on data from the experiment to 
see whether using PEPT gives us more information about the mixing performance in comparison with 
other experimental techniques. 
2. Materials and Methods 
2.1 Positron Emission Particle Tracking (PEPT) 
Positron emission particle tracking (PEPT) is a unique technique of visualizing the flow, which could 
examine flow phenomena in three dimensions. A 600ȝm radioactive tracer was introduced in the system. 
Details of the PEPT measurements can be found in the literature [9]. 
2.2 Kenics Static Mixer (KM) 
A 5.08 cm diameter and 46 cm length Kenics static mixer (Chemineer, UK) having 6 elements was 
used for the experiment. As Newtonian model fluid a 98% aqueous Glycerine solution (viscosity of 0.94 
Pa.s) was used. Details of the system geometry and fluid properties are given in Table 1. 
Table 1. Mixer geometry and fluid properties
Mixer Fluid
Diameter (D) 5.08 cm Density (U) 1.26 gr/cm 
Plate Thickness 0.3175 cm Viscosity (P) 940 cP 
Entrance Length 10.16 cm 
Exit Length 10.16 cm 
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The inlet velocity was 0.03 m/s, giving a Reynolds number of 3.18. Simple closed-loop system was 
constructed, the fluid was pumped to KM using a gear pump, and the tracer was injected in to the fluid 
directed before entering the mixer. By the end of the experiment, 326 passes were recorded. 
3. Results and Discussion  
3.1.1 Residence Time Distribution 
The data acquired from the PEPT experiment consists of the location of the tracer along the 3 
Cartesian dimensions (x,y, and z) in time. By calculating the time that each tracer took to pass through 6 
elements, the residence time distribution graph was plotted (Figure 2).  
Figure 2 shows mean residence time is 16 seconds, which is same as the mean time that was calculated 
before the experiment based on the length of the mixer and the expected velocity. 
Fig. 2. Residence Time Distribution along the whole length of the mixer 
The residence time for each element was calculated separately for the first time. Figure 3-a,b shows 
RTD for the first and second element of the mixer.  
(a) (b)
Fig. 3. Residence time distribution for each single element. (a) RTD for the first element (b) RTD for the second element 
For both elements, the mean residence time is around 3.1 seconds. As the next step, two parameters, 
which could affect the mean residence time of each single element, were considered: the effect of the 
solid boundaries on the tracer path, and effect of the entrance position of the tracer on RTD 
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3.1.2 Effect of Solid Boundaries on Tracer Path 
In order to study the effect of solid boundaries on residence time and velocity, the particle trajectories 
for all the passes were plotted. The plots show the particle trajectories along each coordinate as a function 
of time differ for each pass. The slope of these curves, shown in Figure 4 is the velocity. The axial 
movement of the tracer in time changes dramatically for some of the passes. Therefore, the axial velocity 
calculated along the mixer was found to be dependent on the specific element the tracer was passing from 
(Figure 4-b,d). In Figure 4-a change in velocity happens for a z of 350 mm (entering to the 5th element), 
meanwhile in Figure 4-c the sudden change in velocity is found at z = 255 mm (entering to the 4th
element). After considering all the graphs, it was found out velocity changes happened through both 
reverse and non-reverse elements, however, the distance of the tracer from the inner wall of the mixer and 
the blades could affect the residence time along the mixer. 
Fig. 4. Axial movement of the tracer for 2 different passes. (a) Axial movement of pass number 1. (b) Axial velocity changes for
pass number 1. (c) Axial movement of pass number 2. (d) Axial velocity changes for pass number 1. Red circle indicates where the
axial velocity changes dramatically. Red dash lines show the borders of each element 
The distance of the tracer from the blade and the inner wall of the pipe were calculated and monitored 
with the residence time for each single pass. Figure 5-a shows the residence time along the mixer for an 
individual pass. This figure shows the residence time increased considerably while the tracer was passing 
from the 2nd element, and then it decreased by passing through the 3rd element. Consequently, Figure 5-b 
shows the average distance of the tracer from the wall and the blade decreased significantly while the 
tracer was passing though the 1st and 2nd element. This means since the shape of the blades affect the 
average distance of the tracer from the wall and the element, therefore, the elements geometry could 
affect the residence time indirectly.    
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Fig. 5. The effects of average distance changes on the residence time along the mixer for an individual pass. (a) Residence time at 
each specific element for an individual pass. (b) Changes of the average distance of the tracer from the solid boundaries along the 
mixer for the same pass. Red-dash line indicates the border of the elements 
3.1.3 Effect of Entrance Position of The Tracer on RTD 
For each element of the mixer, for each pass of the tracer, the entrance position to each element was 
recorded and its presented in Figure 6-a and b. This figure clearly shows the effect of the entrance 
position on time the tracer resides in the single element.   
In figure 6-a and b, most of the particles that enter the element close to the wall (or blade), have higher 
residence time in comparison with the particles passing from the center, this is not always the case and 
few exceptions have been observed. A minority of particles, although entering the element with 
coordinates extremely similar to those with long residence time, shows a significantly shorter residence 
time in comparison with the neighboring particles. This interesting distinction may be caused by un-even 
entrance velocity and it is currently under investigation. 
The folding-unfolding pattern imposed by consecutive elements of the mixer affects the connection 
between the residence time and the entrance position after few elements. In Figure 6-c, clearly shows that 
the residence time after 6 elements is not a function of the entrance position of the tracer.  
Therefore, although particles closer to the walls have the higher residence time for each individual 
element, there is no such correlation when considering the residence time across the whole length of the 
mixer. 
(a) (b)         (c) 
Fig. 6. The effect of entrance position of the tracer on residence time on (a) the 1st element, (b) the 2nd element. (c)All the 6 
elements. The passes which had a higher residence time than the average are shown as green 
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3.2. Study the Segregation along the Mixer 
One of the parameter, which is used to understand the mixing performance, is segregation. Segregation 
occurs in a mixer when differences in particle properties cause particles movement to the certain area. 
Stambaugh et al. (2004) studied segregation for binary mixture of granular magnetic spheres (labeled as 
A and B) and in order to quantify the segregation he introduced a new parameter [10]:  
     (1) 
 
where Cij is the total number of contacts between particles of type i and j. By defining S=1 as the 
segregation value for a perfectly mixed system, S could change between 0 to 2.This formula has been 
used in this work in order to find the segregation along the system. To define 2 different groups of 
particle in the mixer, all the tracers were divided to 2 clusters based on their entrance position-labeled as 
A and B (Figure 7-a). The distribution of 2 clusters among each other was studied along the mixer by 
finding the distance of each particle from the rest of the population. For each individual tracer, the closest 
neighbor was chosen. Depends on the label of the closest chosen neighbor, the answer was count as either 
CAA ,CBB, or CAB. By finding the total number of each contact group, the segregation parameter was 
calculated along the mixer. As it is shown on Figure 7-b, the initial value of S is between 1.9-2, which 
means the fluid is not well-mixed. By passing through the mixer, the amount of S decreases, and by the 
time that it leaves the mixer, the segregation value reaches to 1.2. As mentioned before, in a perfectly 
mixed system S=1, therefore, based on the presented data on the graph, it could be concluded in the case 
of having more number of elements, the final value of S could reach 1. 
(a) (b)
Fig. 7.  Segregation changes along the length of the mixer. (a) 2 different groups of particles, Red particles indicates group A, and 
blue particles indicates group B. (b) Segregation changes along the length of the mixer  
However, there are many factors that could affect the final value of S. For example, by decreasing the 
number of passes, the distance between each particle increased, therefore, the final value of segregation 
would be closer to 1. Consequently, the parameters such as scale of scrutiny, which could affect the final 
value, will be studied in the future. 
4. Conclusion and Future work 
In the present study, Positron Emission Particle Tracking technique (PEPT) was used to study the flow 
behavior in a Kenics Static Mixer. It has been shown that PEPT can be used the quantify mixing in a 
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continuous laminar system. For the first time residence time distribution was studied experimentally for 
each individual element in the KM. The results showed that there is a correlation between the average 
distances of the tracer from the solid boundaries (i.e. the inner wall of the mixer or the blades) on the 
velocity. It had been observed that the tracers that entered to the system close to the solid boundaries, had 
a higher residence time in comparison with others. A new correlation was also developed in order to 
study the segregation along the mixer. It was observed by passing the fluid along the elements, the 
mixture becomes more homogenous, and in the case of having more number of elements the value of 
segregation could reach to 1, which means the mixture is well-mixed. However, the parameters such as 
number of passes or scale of scrutiny could affect the value of segregation along the mixer, therefore, 
further studies is necessary in order to study the mixing performance. The results will be compared with 
previous numerical and experimental works, in order to find out whether the same methodology could be 
used to study laminar mixing of high viscose fluid in any kind of mixer or not.  
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